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‘\\( INTRCOU CT ION

Progress has been made this yecar on two distinct

aspects of the research project; thc use of two-dimensicncal
speciral analysis, and the calculation ¢l vertical worivatives
of a surface, starting in each case Zrom an aliitude matrix,
The results are presented in modular Jorm, with severil roports on
each aspect of the research, The first reporti deals with
calibration of a spectiral progrom, using artificial wavelorms
of known properties. Experience thus gained was uscd in
re-running 2-D spectra Ior altitude matrices in e Digizal
Terrain Library, the subject oi the second report. Tairaly,

a summary of the value of 2-D spectra in general geomorphomciry
is offered. Two reports on vertical derivatives follow; the
first presents.preliminary results for the Digital Terrzin
Library, while the second summarises derivatives for different
(photo~interpretation) terrain classes within a matrix area.
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CALIBRNTTON TESTS ON T i'h

FOR 2D S90CT..LL w

Initial results from using the 2-D socetral anulysis nrogram ol Dayner
R 77?

and McCaldcnigabgcstod'a need for greater cexpericnce Iin selcecting conircd
paramcters, to which the resuits arc quite scnsitive. The nossit
bias in the 2D speciral domain (Evans anc Dain, 1673, sugrestced itho
desirability of obtaining results for known innuts, such as cosinc wave
fluctuations. These trials firstly provide a test of program accufacy, anc
secondly suggest some approximate guidelines for control pgramecters. 7Thwe

outcome is to give the Rayner-McCalden program a remarkably clean hill of

health.

[}

The control parameters involved are G, the number of poinis swmootlhe

('tapered') at the edges of the dataj; (N-D), the number of zeros added t

¢}

each row or column; and M2, the number of spectral estimated recuired. D
is the width of the data set (or the depth; we will cdeal here cnly with
square matrices), which is generally given, wnile N is tlhe width of <ic
working array including the zero fill.

The degrecs of freedom of an ciementary spectral estimate arc nronrriional
to the square of (D-G)/k (Rayner, 1971, 19772). Increasing G or N decrcases
the degrees of freedom per elementary estimate, which is undesiralle¢ becausc

it decreases the stability of such estimates. On the other hard, lack ol i

edge smoothing and zero fill nroduces scrious 'side lobes', spurious peulis in
the svectral domain at harmonics of major neaks. Sone compromise nust ,
therecfore be made. Tukey (1961) suggested a wide ranse of _ossible values :
for G.

Similarly, increasing the nunber of eclementary esiimates groupcd Into &
snectral band reduces the variance of spectral estimates, but increases Lan.-
width, i.c. decreases resolution (Jenkins, 1661}, This 'smudging' may te
reducedé only at the expense of spectral stability. In i.c nresent exnserimonis i
we test the effect of varying G and (N-D), but no:t M, whica is held constant
at 13. The effects of varying two properties ol the generated surface, tic
wavelength and orientation of fluctuations, are also assessed. In each cese,
the other variables are hield constant.

Hence exneriments 1 and 2 are concerncd with cioice of pararmcters for :
running 2-D snectral analys:.s, while 3, & and 5 mcasure the accuracy of the

mrogram in locating oscil ations of known prostrtics.

All these experiments utilised 'dumny' innut, for which the results could

be predicted., A short program was written to create a 102 x 100 dota matrix




containing a regular cosine fluctucstion narallel tou one axis, nraviziull Loin
made for alteration of wavelengtis and amnliiucde, Ny addition of o oo

constant the program could rotate the cosine wave., It was &lso n0ss....8 WO

create mwmore complex surfaces by the addition of two o LHore wave ool LaLlnUE.
! Wavelength is expressed in data spacing units, i.e. a 00=-univc wave ¢ocs

b through one cycle across the matrix.

1. Tanering {Tdqe smoothing)

I3
e

Wwith constant windarwidth ( (N=D) = 30 ), variance (=30}, wavelengt:
orientation of input, the extent of tapering was varied over t

=/ o+~

suggested by Tukey, i.e. from 4% to 23" of the data set length. Tukey's
cosine bell function was used throughout.

Fig. 1 shows the percentage of variance remaining ... the frcquency domain,

3 rlotted against G expressed as a ™ of D. Tue grapi shows La 8lmost
linear decline. As it stands, Fig. 1 reoresents the siecper nortion of ine 4

graph of variance remaining against

variance lost depends directly on tae nuwxber of polnts affectcd Ly T4 ..rinl.

G rows and columns of the data set are ianered on cacy side, S92 eacna Lncrease

in G affects shorter rows and columns. Thercfore each increase in G allcets .
fewer additional points, and the razic ol loss of variance should &Llso

decline: but this is not appareat for G less than 27,

Somewhat different felationships would occur ii veriation in tae caita seu 1

were distributced unevenly. For example, if the edjes

1

exhibited relatively more variability thar the cantral

violates second-order stationarity, and would be difficult to remove Ly
preliminaryde-trending.
i A measure of e¢fficiency of the choice of parameters is given by tihc amouwnt
of varianze allocated to the correct class in the Iicguency dowaine. fig. 2 ?
shows percentage variance in the correct class plotted as a function of G.
& A maximum of 93.33% occurs when G= 174 of D, wren just uneer 37 of the

original variance remains (with no tapering, 57" remains). However, 1t is

@

3 ' unlikely that the best value of (G/D) will be constant for roui, complex
data sets. It is therefore necessary to itry scveral different values, even

ecice

(<2

though in a less controlled situation it may be very difficult o

which result is 'best'.

2, Addition of Zeros

With constant tapering (G=10), variance ®w37), wavelength and orientation of




3.

Wavelength

innut, the number of zeros added fo increasc the data sct

lengih was aloeirca.
Not all values of N can be assessed, since tire nrogram requires that

(N/2M) should be an odd integer greater than 1, where M is the nusber of
estimates required, It was found that with N=10O, i.e., with no z:ros

added, the variance in the correct class was 83.81";with N=149 the
variance was 9i.10%%, Variance remaining in the frequency comain was

62.58" and 31.58" respectively, but the 'loss of variance' cuc tc addition
of further zeros around the margins of a matrix is not as detrimental as

the loss due to tapering. No information is lost: total variakility rcmeains
the same, but since this is distributed over a larger number of points,

variance is reduced. Hence the larger value of N is the more successful.

With constant window width { (N-D) = 35 ), taperinc (G=10), variance &30)
and orientation the wavelength of the input was varied over a range that
extended from 2.16 to 200 units. This demonstratcd the nrogram's ability

to locate different frequencies precisely in the spectral domain, in both

2 and 2 dimensions. 1t was narticularly useful to see the effects of
fluctuations of wavelength greater than one quartei of the davr set lengin,

a condition analogous to that frequently met when the stationarity assumntion
is violated.

Initially a set of decreasing wavelengths was fed into the projgram; ihe

results are given below.

Avproximate Total "% Total ® variance In 2«7
wavelength variance in variance remaining spectral domain in
(units) data set after edge smoothing correct cell
17.00 46.80 46,37 TN
8.68 50.02 37.57 935446
700 49,57 L6, L% 92.353 ]
5.20 49.51 37.73 . g>.52 '
L.34 49,84 L6,15 92.5% ;
3.70 49.96 57.39 §3.53 ¢
3.25 49.50 L6.51 $2.57 i
2.99 45,62 37.67 93.57
2.00 50.07 L6 ,0n g2.55
2.36 50.19 37420 935,45
2.16 48.99 L7.81 92.12
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Differences in total variance are due 1o truncatina ol the Soolon it e

different hicights. That is, the wave alwayvs ‘beging' ot a maxinan Lod

inal value ‘depends upon the relationshin of the wavelengta ©o tho

(3

ts

[

length of the data sct.

Cach wavelength chosen coincides with a class midpoint an
from column four that the program works well in placing 92-04" ol e
variance in the spectrum into the corrcct class. .4t least a Juriher

5% of the variance is conceniratecd in the eight cells immcdiately aajocunt
to the correct one. This sometimes leaves less than 2% of the varicnce
distributed over the remaining 355 cells in the frcquercy domain s -cci
hiere, so that 'leakage' from the correct wavelength and oriencation do.s

not appear scrious. The shaded maps of the spectral domain, however, convey
a more pessimistic impression., This is because thei s jeametric clawd
interval empnhasises contrasts which involveée very small nropnariions of

variance (less than 0.01% per cell).  in these simple examples thc

McCalden program exhibits considerable accuracy. In each cas:i, ilhe I-D

averaged vector spectra peaks are guite sharp, and are located atcursiiociy.

A similar experiment was performed at higher resolution to see wiatr Lonnins
to fluctuations wiose wavelength falls near

a
The wavelength was altered in increments of D.36 unlts over a

between two class mid=-points in the frequency domain (6.5 and 3.77 unizts).

The results are given in Fig. 3 where

the differing percentages of variarnce

It is notable that the decline away from cacii ciass mid-point is not linzur.
The values remain fairly constant until close io the class
-

CClis eCeurs

rapid change occurs. Serious lea
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only for waves cliose to a ccll boundary.

More intercsting resultis are noted when an Litewpt 1s made o 3rsco. o Waves

too long for the program to resoive., Tune dita sco is 100 uaies long, 59

)

waves longer than 52 units should preferably Le removed by deurendlan,

Variance from these long=-wave trends is placed in thae 'zero fregquency' clacz.




Wavelength Toral variance I N TR s v
(units) in Jdoui sct CTLT G s : T -
15 49,97 L0 -
31 49,28 37.0.5 .
L6 55.75 TN o
61 5i.55 PV Lol ‘
75 56,55 53000 .. '
o2 52.49 PR - ‘
108 45.612 55e10 R
23 42.€9 EUN T ;

53 51,11 Liain .- .
17 53.57 59.05 2. .

200 49.97 57,25 A ‘
As before, differences in total vargriance are cuc wo fruncation; but in Lhld
case they are more extreme cue to the lenger waveloeagihs uscd.
Toe differences in the variance olver eloe- IFS NS P SCE .
) .
»oint about the uneven distribution 07 VAINILNCE Wilao.n & Getla 30T N is :
roted that the greatest loss Is for a GC-unit wave and the lowstr s Jor 1o i
units. The data sct is 100 units long and a aei VNN i
side of the motrix, hence & G2-unit wave rodches GQnouiol wiilinning Jua. Lweloos
the other side of Therelfore much 0 (a@ VariiiCd L. Conciniraood
! at the edjes of the cdata sct and is affccted by the lioooning Jundti.. woieh
! reduces ithe greatest deviations. Although the Bl L & !
maximum, when the period is 130 unics v onds close o 108 mown Vol ool
edge=-smoothing is
With regard to percoentages ol v . S
L
| a cut-of?f point should be cLscrved ot 52 units, whice s taw ! Dol o
, cell. With a waveiengt.: of 31 units 5..737 is Llocod in this ool o To oo ]
| it is alrecay 24,47, while at 61 uniis oniy 700057 1. corrocit Vi, IS
Cole s T
! a maimum of 1.3 &t 75 units, tuc osurcentage! Jucreases untilo oo L07 n
~
J over 157 of the variance is leaided back into t.e frcquency comaic 1o . . oo -
! analogous to aliasing ot the highcr=: T SN
|
| then, that resolution uround ohis ariiculiar class 1 vl Tose G50,
b
f Leaage into the zero freqgiuvncy ccll {(v.og. Zur a A0=rnlv wave' 1s od S
i .
i than leakage out, wuich increases for waveluenji.s o [ PTCINRHA 4
!
! width.
‘| £
i
;
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Qricntavion

With constant window width { (N=L) = 20 Y, tapering (C=10; wnd variencs of h
input, wave orientation was altered to test wheither waves ol iilque o Lne . X

axes can be resolved as accurately as those discussed so Joar.

Waveforms werc generated in the previous experiments by talila; & cosing

function as tne first row, and repecaiin; it the reguired n

To minimise additional computing, rotation is achievoed here by aod
3 (OB |
\
phase factor to ihe cosiafluctuation for cach successive row. Wihilt wnls

gives a rapid and efficient result, the wavelength is reduced &3 dhe angic
of rotation increases, tending towards zero waveloength as nincly-cegrec

rotation is approached. The adjusted wavelength

can be calculated oy
multinlying the original value by the cosine of the angice of rotacicon. It

b
X
3
o
N
¢

i
¢!

is unfortunate that wavelength varies in this way; a slightly d
algorithm can in fact avoid this without lecading to any more comiutaticon,
The results are given in Fig. 4.For each orientc . lcon a chart is given

depicting the same subsection of the frequency domain. The index chart jives

thie wavelength of the midpoint of each class, while the scrics of charis

gives percentage variance in the same classes. Again, the resulis are os |
expected, with serious lcakage occurin: only from waves close to class i
boundaries in the frequency domain. Leakoge is, however, sufficiently . 3

strong to affect comparisons between cells with low proporiions of total
variance. Peaks in the 1~D averaged vecuior swvecisa are still sharp ana

precisely located, whatever the rotation.

Suncrimposed YWaves

A further matrix was generatcd consisting of two zuserimposed coslne wives,
with wavelengtihs of 2% units znd 6.3 units and ecuul variance.
aligned parallel to each other and o the east-west auis. In a

experiment a wavelengih at 4.6 units was imposed on the 20=-unit

o . .
angle of 45 . Results arc given below:

WAVZE COMAONINTS PARALLEL

Period True Computed Correally
(data units) Variance Variance placed voriance
20 ' Foal L2.57 Le.57%

k.6 50 57,14 33,97




True Correelly
Period Variance placus variancc

20 59 6.7 L6,71
L6 50 A U Lh

It can be secn from these results that the program is culle ¢

at picking out the different wave componcnis and &llows less than ©

the variance (o be leaked into erroncous cclls.

Conclusions

b

The Rayner-ricCalden program is eificient at distingu

presented in the simnlic data sets usced here. Leakage is confined malin!ly

AAr Ll .
PP S

SHInNG wWavi injlad

the immediately adjacent cells and it can be sgen thai only whoen o wav

comes close to the boundary does coniusicn occur,wi

TO tiaie

betwecn the classes on eitiher side., This stiressces

of the level of resolution required in selecting the nuiber ol esiliuius

renresent ihe frequency domain.

Cur nrovious suspicions {Evans and Bain, 1973 2. 5 concaerni

9]

princinal axes of the frequency domain ore witindravn. Tihe

perfectly well with diagoral waves. Leakage does however o

parailel to the principal axes: ihis makes comparison oif low o [
different orientations very difficult.

The values of G, N ancd M can vary considaradly. .igher values ol & g
better spectral accuracy but cause loss of variaunce. Higher valucs o
provide grecater accuracy wi:hlhiecountervail:ng cisauvantaic, Jul Lt

be rememiered that the Tigur.

lowered by inclusion of thc exira zercs

M (the number of cstigates required
resalution level desired and the num er of dogrees of

estimate, It seems likely taat analysis of any »ars lcular duta sct

have to be rendcated several times using !

until a reliable result with good resslution is acilceved.
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the case of Camden the reduction is sevenTold, since much ¢f oo varienilizy
of the terrain is situated ncar to the matrix edges. In the ecrliicr
processing the Camden matrix lost less than & cuarter of Its voricnce with

C = 4, The greatest proporiion of variance prescrved in any matrix is

he case of Aycr).

o}
ct

.

just over a third (i

Another effect of the increased smcothing is to reducce the Holloriion
of variance placed in the zevo frecucency cell, thus Improving intorsrouctilicy
of the results. The reduction exceeds 10% of freguency domain varicnce fer
Torridon, Flaming Gorge and Menan 3uttes, The onl: serious incrcase is
for Bray (9.71%). Three areas are unraflfected, and the cther six have
reductions between 2.91 and 8.19%. These figures indicate how much the
smoothing operation affects the larger-scale forms in the matrices.

The incidence of the sidelobes (which the smoothing operations are
designed to counteract) is related to the number of nolnts In the matiix,
the number of spectral estimates wecuired, and the incidence of real peaks
in the freguency domain.  Four the simulated cosine-wave matrices, variance
'leaked' from a peak in the frequency domain was concentrated into a cross
centred on the peaik; subsidiary pesks occurred &t intervals determined by
the size of the data set and the nutber of estimates recuired in the

frequency domain. Tae cronounced bias toward the principal axes of

& by

ot
p)'

[}

frequency domain observed previouély {Evers and Loin, 19737, was duce o
the main spectral peak occurring in the central ('zero frecucncy') cell.
Table II shows the bias c¢f the freaquency domains of ¢
reasured by a ratio of variance on ti.u principal axes to variance on the
diagonals. {('Bias' = error consistently in one cirectioen). The arly
results are shown for comparison.

In ten of tiie thirteen matrices there 1s a reduction in .. cegrves
of bias, which must be att}ibuted to the increascd edge smoothing. hax
bias remains is due to two factors; edge smoothinz may not be cif

enough , and the forms in the matrices may really vary with oricen

Increased smoothing has reduced the largest biases, by 50% for Emerad
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Emerado, rnorth-scuth lineation is siightly stronger than ewst-west

p
. T, pud i 3 & e . “ .
L NW-SE lineation is mucn stronger t..an NE-SV.
i
]
T 1w un -l e [ APV Y L ovavt Aman - .
i 1L Wg &assul vnadc ConcenTTration ¥ variance on . T.0¢
1T £ s~ T e 3 Jae T - - bl . LS e e T
a recal feature of the data, bdut is duc s3lily to leaka; e L nisnt oL

overcome oy dividing values on the principal axes by thls micsure of avero o
bias. This seemns reasonable here siice many of the examnlies viclute the

staticnarity recuirement to a comsiderable deguee, and thelr froouensy

[X Rl |

domains are domineatca by peaks in the central cell. It

are in other cells, as for the stationary cosine waveforms analysed above,




e 1

bias would be calculated with reference to axes passing Through the Varionis
peak.
The problem of using these figurcs is that they cre averaioes ane they

take no account of scale distribution of variance alcng the axes of the

frequency domain. Moreover, they treat only four crientaticns Jren

[

o

theoretically infinite set. The choice of these four orientaticns is

conditioned Ly the fact that they cut through the mid-points ¢f cclls.

N

Profiles along other orientations would involve interpolation, vasedl on

debatable assumptions.

Fagiofy -

Assessment of the individual spectral maps is mece difficult bty the

dominance of the central cell, but in general it i. Tound *hat .. longos
2 o o

wavelengths predominate. The peaks with wi.ch spectral anclysis Is often

concerned are absent from most of these matrices. Cnly Camden and Imercio

show concentration of variance on diagonals.  Torridon has a peal at atiut

2600m, indicating a predominance o waves in the N-S direction: Menon

SButtes has a small peak at about 88C fee:.
Elsewhere differences are more sutle. In the case ¢ Alme the lomjer
wavelengths are pushed slightly towards the left side of the frecuency Jcmelin,
while the opposite occurs in the case ¢f Ayer.
The problems of obtaining scme mecasure that will describe Ifreguernd)

P PR

domains concisely and enable them to be compared with cach othe

3]

must walt
satisfactory detrending of the oxigi. I data. At the moment ithe specira
show a reasonable improvement over the initial results, indicating twne
choice of better control parameters.

The difficulty, induced by this leakgge of veariance, in intcrcroting

]
173
b
O
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bor

e

two-dimensional spectra encourages & <loser inspection of one-cdime
'collapsed vector spectra', in which the directionzl elemcnt is averagzed
out and variance is plotted against frequency. Fer the cosine waveioris,

variance is strongly concentrated around the known itrue Jreguency. Poiks

are about 10 estimates (out of ¢5) wide at a variance .Cl thot of the peak.

Sidelobe peak variances are less than .0C4 of true peak hceight.




the resolval.le range of frenuencies.

Collapsed vector swectra 70T Toc Torininl 1LLTaTy HLilicss .l =il
a2 lincar decline of log (variance) with increasing freoucncy, T7C. & Dol
in the second spectral estimuate: the first estimate, exXtendli.nz to ziwe
frequency, now has less variance than the second. The smecure con tlLeTollre
be described by (i) their height

and (ii) the logarithmic siop
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greater concentration at low freguencies (long wovolongzins).  Lecausge oF

variance for (i), rather than variance in the spectrun.

a e 1 first estimat and & Curve-oVvVer &round TG Il
Because of the low first mate, a ve-ove N

x
ot
I
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o
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q o
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a regression is not

I

sted to the whole set of spectral estinmg

cstimates of the razte of decline are cbtained by teking logzurithns ¢f zutics

of variance in the 4th, 30th, 31st an. 40th estimates;

P U | L o cAd A 3 P PO e a s
nrovides scme 1dea of the varicbility In these ratics(

3~ Pou I - e P e W R - ~ o .,
100w SATITUES QECa L8 & TCLSULE UL SVeTL. . SUuTILCe

roughness. Since lorger arveas tend To Lo more variatlo tihan suolliv, oo
varying areas covered .y these notrices hinder comparisen. The noon
contrasts, however, are of a larger onder than the appropriate corvocstion;

N -

3 T mem s o PR | ~ann a2 S mean 3 [P S - PR e -
hence Tlaming George and Terridon car be considered rouZnor tham lunan Duiios

-~ Ead joe 2T * - 1 . —~ r s R N L R T g -

The ratlios from the spectra show some variation beouwesn runs viil
22 ‘. A o pA N - annAg - T T -
different controi paramcriers, but the results are reasondily Jinsiitent.

-

Gorze, Ayer and Bray have dominantly lonzwave vericolillzty,

Althougn these ratios tend to be nizher fou rousher surfeces, thcor oo

o
sufficiently independent to separate areas of similar cverall Toullii.od.

The collapscd vector spectra therefeore drevide cne useful terrain

&

cescripter, the logaritnmic gradicnt of the nlot ol variance cjai st
Zrequency. Perhaps the best expression of this would be to fic a ¢

to spectral estimates between say the 3rd and 40th.

e e
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A CSUNMMARY O TUT OVALOD GF -0 SUnITTa I e -
(i) The main limitution on who comnivicel wse o snocin o o ;
for comparing different terrains is the e R
are critically dependent upon parameters such as dofree o TLnITiL,, To oSl
function, window size and degree of smoothlng or . caos ol Ul
are available for selecting parameters, but the Jinel chelee 4o ids o .
tracde-ofY of variance loss against sicelobe supnressicn.  Sidderont oot o

will be made for different spatial series, and by different rescardiors o0

(ii) A spectral analysis program cannot b
someone with little experience of its use. It

with the steps involved, and with the ef:

. - LR H T R
rarameters. These comnments app;y t0 CTie-Qimensilinal analysis and
[
- -~ k-
strongly to two-dimensioncl.
sz The *rvond of incrensine Variance wish increasing wove.on o ]
122 ife TTCh CI 17CYTELsinny VAaTLANCe Wilhn 1nCTEeasing WAVe.LIh VL
ey Hra e ke ERE- NN : . - _ -
de spectra produced so Zar. Liffzrorces im ULl SULLLITT
0 oazimutnacl VOTI4GTI0N, are muc.s LOeS83 CVIGLnT ona Lo
orntrol warametors tleak: ¢! = .- o -
Cchtrol rarameters. Saxi ¢ SOTh L ave U RN R
" oI Lo T S S T 1 LA . [N
aAX¢Ss Oo1 Tne Ud-u JCCTTa. QONGIT DTOLUCSs & 2148 wihiga [V PN
PR | - U o R N - e e ama e mn .2 PR R EEEE N
QNG WAL AnTerIeres wLla o Th DELIVTSTCAT 0T LIinmuiods ATIOIICT. AN
Py Alc it crmarim e AL yroeata O S U
the absolute cmount of variance -L,“.\..A\; A5 SSGLd, LU L3 LLTSC TOLLTLVe
5
- P P L L LR Tea Jaee wmTe s Al 3 e - e =
TG what in NeLfalduring Cells. «0 ZACT, TSLLS GiLelT IS LT
Ava 1 -
scparate 1-D .z
™ ~Ta LS - e e PR N P S
2-D arnalysis oI 2 square altituce matrix.
e T P I s v e o me amenn -
iv) L0 ZiVEe & SI_LIILCENT STOCTTOL DL, & WERVCOIOTT ool TIoTo0L
e oo < 1 R . St e Vmmny ool o o e s e e
2t least several times in the data sories. Many seriss ConTaLn UWo OU

threc waves which appear strong Vi..uily, dut &

in the sosectrun.
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v) Manipulations in th
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radient and convexity, arc inacvisable because

considerable amount of information through tapering and grouning. il

Eag - 3 - " ~— -
£ varying the co.irol




TRy

transtformations back into the spatial domuin are never cxact.  Tho thanioo il
arguments in favour of spectral manipulatvien are overwhelumed by nrociicnl

problems of producing good spectra from finite and pro

records. Much more precise results are ovtained Ly caiculating derivatives

in the spatial domain.

(vi) Compared with other statistics describing profiles or surfaccs,
spectral estimates have the advantage of varying independerntly of ezch
other. Nevertheless, the individual spectral estimates are not uscful

~

terrain descriptors. Gradient, aspect, profile and plan convexity are

irectly useful descriptors, relevant to geomorphologic theories arnd

modelling. Moreover, the re s between these . .-face derivatives,

far from being a disadvantage, form an important part of terrain descrintion

and explanation revealing, for example, the way gracient varies with lshect.

ra—

(vii) Although many geomorphic landscanes appear to navi & nericdic

valley spacing, speccira are complicated by (a) Va-;vy curvature, olul
directional co“,v.ents, wnd

height and s»acing, blurring

only with geologzy but zlso wizth

t is almost impossible to mcet stationarity reguirements even aiier trends

P i

[

in the mean have been removed.

(viii} Harmenic (Fourier) analysis and auto-r._ ressive modeliling
of surfaces are open to similar cbjections. Tae only realistic Tipe ¢
rodelling would involve progressive spatial variation ian the parameters
of an autoregressive model. Even so, it may not be vossible to odel

fluvially-eroded surface as a continuous surface (Boehm,1967), without

taking into account the iinear distribution of the drainage net.
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PROLIVINARY CALCULATIGNS CF VERTTONL DRIV TV 0F

Two mathematical properties of surfaces which arc of immecdinue ]
concern to the geomorph olon st are their first and scecond derivatives,

slope and convexity {(curvature) respectively. Here we shall consider

ct

the first vertical derivative, gradient. Calculzticn of
at a point involves dillerentiating al

orthogonal horizontal axes, and taking the vector sur of the two.

i
5 5 -

v . = dsv  [d=% 4
= xf(‘;'@‘/ |

There are two main procedures for obtaining derivatives, gin

and more complex method is to fit a polynomial to a small neijlbour.ocd

~

of altitudes, centred on the point for whic wishes To estimatle the 1

3¢
[o]
o3
(¢}

derivatives. It 1s necessary to Keep the number of points to z minimun

to avoid excessive averaging ol gradient, losing spatial detail. 7o

obtain first and second cerivat.ves a cuadratic polynomial Is equivted,
and a neighbourhood of nine points arranged in 2 3 X 3 sub-matrix 13
sufficient to calculate this,

The second and more direct method is o employ tue calouli. of fimite
differences. This involves calcule.lng the cdifference between noints
adjacent to that for which the derivative is to be ¢btuined, Inm the x and
y directions, and then calculating the vector sum of these. Thg operiuicn
is expressed as 5

e .y _J, N _ -
2 * F "-;J;;-;) ”1‘(—¢+1,5 51—1,’-)

-

This averaged difference can be expressed as o tanZont by dividin

the sampling interval of the original matcrix. The second vertical ..orivative
is obtained by performing operation (2) on the matrix of first derivativos,

-t

Both methods have distinct advantages and disadvantages. The Jinite

difference technique has the advantage of a very simple aigorithm.
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Calculating a quadratic poliynomicl 1s more e¢fficlent in rotalrns

tia

as oniy 9 points are required to get the sccond derivative. Finlte

- - S Lan AR P : 5
hat an estinmate frem this method is

differences involve 13 points, meanin

€3

an average for a much wider area.
For our initial experiments with spatial derivatives the Iinite

difference technique was chosen for computationsl simplicity. V.Tobler ;

.

used this method in a study of land classification (1989%) and hac publisihcd
a FORTRAN progranm for the calculation of spatial derivatives (Tobler, 1670). 3
P

, PR PR R S 4
aLClTLLC STalisticCan

A program was writte
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descriptors (mean, range, standard coviation, skewness and kurtosiy of K
distribacicns, %

their frequeuc&. The following table gives these statistics of altitude 1
i

and of gradient {(first vertical derivacive) for matrices in <tho dizlizel

o P
£ both
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terrain library, excluding Mount Bonnevi

skewness and kurtcsis are zero for a normal distribution.

ALTITUDE {feet) GRADIENT (e veouss
RANGE MEAN ST.IZV. SKi¥. XKURTOSIS RANGE MIsdv ST.DIZV. SHEW  XURTGSIS
Emerado 245 913 43 +0.72 +0.0% & 1.45 1.35 +0.86 +3.19
Mammoth Cave 420 637 38 +1,27 +6.38 L 53,L8 4,43 +1,30 +7.73
Flaming Gorge 1380 6607 &86 +0.38 -1.13 67 26.23 14,65 -C.27 -Z.15%
Alma 600 1016 1= -0.16 -1.14 71 32,36 15.32 -0.1Z2 ~-2.C32
Hillsboro ' 220 866 44 -0.283 -0.58 32 5.57  4.73 +C0.48 -3.13
Ayer 390 336 88 +1.05 +0.52 32 3.51 4,23 +..27 +3.3I5
3ray 2440 5875 il -0.40 +C.42 5S4 17.52 12.34 40,47 +I2.43 f
Delaware 635 1093 104 -1.02 +2.GC 51 10.02 8.10 +1,15 =~4.CZ f
Camnden 120 698 7 +5.02 +63.78 2y 0.50 1.59 +6.52 +7C.%4
Maverick 68 L2200 C.64 +1.24 +4.72

0 6479 135 +0.31 - 040 53 1
Menan Buttes 105 4840 21 +1.42 +1.25 12
Torridon 1076 184 161 +1.39 +1.68

The correlation between mean gradient and standarc deviation o altitude
is significant at the 95% confidence level (rs= +.87, .. = 11). Theve is 2

very strong correlation (rs = +,99) between mean and standard deviation cf -]

gradient, and moderate (significant) correlations between stsndard deviation




and skewness both for gradient (r, = *-59) and for wliltuce (v = .07, ]
High skewness 1s necessarily accompanied by high kurtosis, but those e ;
statistics otherwise vary almost independently. Comparison is Lindersd Uy i
the varying matrix resolutions, but the information tabulated here docs i

i

seem to provide a reasonable discrimination between the areas.
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| the neighbouring Beinn Eighe Nature Rescrve, oI terraln
maps created by Sargeant und collaborators in thc NLTure
Conservancy. 1:10,000 photo coveruge mermitied toonm <0

draw detailed maps of terrain types. Althoughr oniy 13 Ltusic
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terrain types were distinguished, thesc wer

i different ways, resulting in

s

a
classes; this makes further processing cifficulc.

! To simplify coding for computc:
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of map classes was Xept as small as
isation involved seemed appropriate in reiation to thc smak

scale (1:27,000) of air photos avallable for tie present study.

Careful scrutiny oi the photograpihs coupied with scme
previous field knowledge of the arca suzgested recognitio
of ten terrain classes. The edges of the original altituce
matrix could be pinpointed easily on thec photographs. Us
a Zeiss Sketchmaster, the terrain class voun s e
on a base consisting of 1:10,000 and 1:10,560 nhotogrammetr;c
raps. This terrain map was then samplied at 100 m intervels

to give the 'terrain matrix'

I. Bain spent two weeks in the field in September 1573 to
check the validity of the terrain class boundaries defined
iod

n the photographs. Thi was spent largely in lhe
south of the area, where terrain of each class was accessible.

It was found that the mapping of the cless boundaries was
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Terrain tyves

i Tae area covered by tiis matrix has a uniform 1ithol-
a

RPTPERNP S

' ogy consisting predominantly of Torridonian Sand
Z

O w
o]
ct
[
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| hard coarse-grained arkosic grit with near-hori
| bedding. Tectonic activity, presumably associated
| major thrust planes to the east of the area, has produced :
numerous small faults which combine with the pronounced
bedding planes to facilitate erosion by block removal.
During the Late Pleistocene, the area was extensively glac-
iated and during the last readvance period (Zore III) iz

P

probably supported a small ice cap. The area now consists ﬁ\;
of an upland plateau surrounded on three sides by major

e

glaciated valleys. From this plateau rise several steep-

sided peaks and ridges sepairated by well-cefined troughs. i




Vegetation is cparse throuZaout oiuv wrea.

Brief descriptions of the Terruln clas.oed wre glves

below,

0. Water

Areas were defined as 'wa.er' only when poinis &l-
jacent to that being considered were also Loceteld on wWiner.
Therefore tais category refers to Dbodies o gtonding wWater

b3

generally larger than 100 m across.

1. Bare Rock

Eroded areas of bare rocx are easily distingulshed Ty
their light tone on these aerizl photographs. VWhere ke
gradient is slight, the rcck outcrops Iz broad, lalrly s5:m03in
pavements. With steeper grallents, ercsicn ol alleriot-il
tough and weak lithologies creates a rapid eiterznatics Set-
ween sheer cliff faces and screes. Altanougn they contueln
much letritus these areas have generally Teen desizniveds

bare rock.

wone. It consists of wide areas overgrown

mitrium spp.), which give way to grass witn

altitude or increasing shelter In places the mosc *
clives way to bare areas of coarse sand andé
angular, comminuted debris. Finally, pavement areas o rccis

weathering in siiu anéd exhibiting signs of spalling exist,

e

and in places there

(3]

s a limited tor development. In cne
gin)

~ocation (Beinn Alli: s terracette development was coserved
on a very gentle slope. Zlsevwhere ixn tle Torridcn arez
Sargeant (personal communication) has observed peri leaclal
forms, and on Ruadh Stac Mor of 3Seinn Eigiue these ore teling

o

studied by A. Loades of tae North Lond

3. Steep scree

-~

This class is recognised parvly by the apsearcace of

bare unvegetated scree slopes or by the growth of Callun:z
on steep screes. Although growth of heather recuires a

. -

certain degree of stability, soil development Is minimszl.

‘\1

Generally the heather clings to

few centimetres ol pewiy
soil, often on individusal bvYoulders, mere the scrce con-

sists of quartzite (Beinn Eighe), stones are small and

mobility is indicated by vare scree creepi.g downkill,with

P




is present there al

4. Lower slone iform
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5. Fine-textured m
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They occur Iin puralle
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100 m in some cascs.

8. Undirfferentiated driit
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sin' cluss for the substan
which are covered by drift but do not show any distinctive

form.

9. Boulder fields

The entire Torridon area is littered by bouiders, to

oy S

varying degrees of spatial density. In ccviain &

-
e

cas,

+ %

however, boulders are so frecuent that the suriac
L e

o
T
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b
o
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L

masked. These areas have been termed bo er
10

3

may be of several origins, either ablati
fall debris.

Such-a classification implies certain ideas about

rocesses, including a broad distinction between erosion
b o

and deposition. Certain categories relate to mass movement,
periglacial activity, glacial erosion or glzcial deposition.
In this particular area, little attention is given to the
role of fluvial processes largely because they are not prom-
inent at the scalc considered.

In a comparison betwcen the terrain matrix and .o
altitude matrix these implications arve of gres

But the comvarison with the altitude rmatrix and otuer
e

matrices derived from altitude can provide some test of tne
sudbjectivity of thie classification and the accuracy cof the

mapping.

The clessiiication is based on whuat appears distinctive
to an individual observer, and the mapping has been carricd
out quite crudely. Some scale distortion due to the con-
siderable altitude variations mey remain.

Matrix ovevlaving

The results of overlaying the terrain matrix on the
altitude matrix may now be examined. The freaquency distri-
butions of altituce, of gradient and of a measure of local
altitude variabiliity are considered.

The first derivative is calculated by a finite differ-
ence method as outlined above. Local altitude varicoilicy

is measured by the modulus of height deviation \/ where
J
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o “The number in each sample is high; the lowest number is 187.
b _ A visual appraisal indicates normality of most of the g
distributions, the most skewed being 'water' and 'lower
slopes’'. ‘

. With regard to the reliability of the classification
it is reassuring that expected relations between the means 7
do materialise. For example, summit terrain has the 1
highest mean altitude and steep scree is higher than lower ]
slope forms. Bare rock appears at all altitudes but
morainic terrain types cluster at a fairly low altituce,
reflecting their valley-bottom location. The bcoulder
fields of the area occur higher than the morainic deposits.
Indeed, their proximity to tie meazn of steep scree might
be taken to suggest a genetic‘connection.

y

Statistical characteristics of terrain clilasses, computed

by overlaying the geomorphic matrix on the &dltitude matrix

| ALTITUDE (m) GRADIEXN
class: % area mean st.dev. mcan S

0 3.96 367.9 79.71 14.76%9 12.48°
1 22.75 469.2 158.29 14.57° 1
2 3.02 738.6 94.87 13.10° .i.41°
scree 3 12.85 568.9 142.25 17.23° 12.46°
lower slope 4 21.37 416.0 128.73 16.08° 11,98°
' 5
6
7
3
9

water

O

w

(o]
o]
In

‘ rock
¢ summit

2o

8.93  322.7 63.46 15,52° 12.69°
7.21 370.8 58.90 9.31° 8.84°
1.87 366.9 47.21 13.52° 11.49°
“14.99 372,31 118.21 12.63° 9.66°
3.05 513.0 141.50 22.31° 12.29°

finelmoraine

coarse moraine
lineated moraine
drif?én&ﬁ%uwwuﬁ
boulder

The table above shows for each class the proportion

g? of the total area which it occupies, together with the mean
i' and standard deviation of altitudes and gradients measured
7

for points within that class. Standard deviation reflects P
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the total spread of duata in cach cluss, and nus u ».

positive relationship with area {r = +0.47}, but this Is
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wsignificant at the 95% confidence lcvsel. As cxnectcd, steen

B

scree has a higher average gradicat tiaan lower
Morainic terrain types are varied, reflecting
ence in form. Fine-textured moraines have the nighest

PR

‘ gradient and undifferentiated drift has

gradient, which confirms a subjectiv

[

e
relief. The average modulus of height devi
gives a better impression of local zltitude variability taan
does gradient. Steep scree is less variable than lower sliope

forms, reflecting the predominance of smooth scree
roughness of morainic deposits is picked out, particularl
for fine-textured moriane. The exception is lineatec mor
which shows least variation of all the classes. It is no
that, as for coarse-textured moraine, the 100 m sampling inter-

val misses most of the variation.

It may be concluded from these initial results that the
present classification of terrain in the Uorridon area Is
justified, but certain probiems remein. The autocorrelation
properties of the data have not yet been measured. Thae
contiguity of the various ciasses zals

does a class occur in a large, coherent bo;y CT as & numoer

of smaller patches? Thais becomes important wien calculating
derivatives, for it may be necessary to use contiguous va.ues

! outside the areal l1imits of the class.

If the average size of patch is small, coundary eJliccts

nay hLave undue influence. For example, the gradien

. 15° attributed to areas of water is presumably due to tais
| effect. The matrix resolution is crucial, as has

! alteration of this may result in varAatlo at dif

being picked up. Increased resolution will not rnecessarily
1 reduce the boundary effect, for more intricate boundaries may

be picked out.
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